Albumins and globulins were fractionated by coagulation at 70, 100, and 120°C and were studied by microscopic and electrophoretic methods. The coagulated albumins of a U.S. commercial hard red winter (HRW) wheat blend sample included larger aggregates than those of an Israeli spring wheat (SW). Dialyzed globulins appeared as finger-like patterns with embedded oil droplets and heatcoagulated globulins appeared as aggregates with fibril-like patterns. An increase in size of coagulated aggregates was observed as temperatures increased (70, 100, and 120°C). Differences in capillary zone electrophoresis (CZE) and sodium dodecyl sulfate (SDS) -polyacrylamide gel electrophoresis (PAGE) patterns between coagulates from samples of an Israeli SW and a U.S. commercial HRW wheat were seen at all the coagulation temperatures. SDS-PAGE patterns of coagulates obtained at lower temperatures exhibited relatively more intense bands of higher molecular weight components, and those obtained at higher temperatures exhibited relatively more intense bands of lower molecular weights.
INTRODUCTION media below pH 6 1, 6 but insoluble in water. It can Wheat flour contains several types of proteins [1] [2] [3] [4] be suggested that the structural properties of the which act synergistically to create the structure flour proteins are due to two main agents: coand texture of the baked material. Proteins help agulable agents, including the soluble albumins to secure the solid nature of the baked material, due and globulins, and skeletal agents, consisting of to their solidification upon heating. The solidified the insoluble gliadins and glutenins. proteins occlude other components such as gas,
Only wheat flour has the ability to form a strong, gelatinized starch, pentosans, hemicellulose, fibers cohesive dough which occludes gas bubbles in and lipid constituents.
quantities sufficient to create the desirable strucVarious studies have been carried out on the ture of the baked matter 3 . It is known that gluten, proteins that create the structural skeleton of the major group of functional wheat proteins, is bread. Wheat flour contains four main protein responsible for these specific properties, and its fractions 1, 3 : (1) albumins 5 , water-soluble cytocharacteristics have been studied comprehenplasmic proteins 1, 6 that comprise ≈10% of the sively 3, 6 . Comparisons have been made between total wheat proteins; (2) globulins, soluble in saline the bread-making quality and the electrophoretic solution but insoluble in water; (3) gliadins, soluble patterns of gliadins 7 and glutenins [8] [9] [10] [11] [12] of various wheat cultivars. Although albumins and globulins in alcoholic solutions but not in aqueous media; comprise a significant portion of the flour proteins, U.S. HRW cultivar to Ariel and to allow more qualitative analysis of the CZE data (Karl to Ariel). their structural involvement (excluding enzymatic aspects) in the bread-making process has not been studied. EXPERIMENTAL Studies of plant tissue extracts have shown that heating of albumins resulted in the formation
Wheat samples of coagulates with specific ultrastructures 13 . The Wheat samples used for this study were an imstructures and the amounts of the coagulated alported commercial blend of U.S. HRW wheats bumins were dependent on various factors such (containing a mixture of cultivars, mainly Arkan as pH, temperature, soluble polysaccharides, and and Newton, as identified by HPLC gliadin patelectrolytes [14] [15] [16] . It has been shown that small terns), a high-quality U.S. HRW wheat cultivar amounts of proteins markedly affect suspension (Karl) and the Israeli SW cultivar Ariel. stability, owing to the binding of coagulates to colloidal particles and emulsified oil droplets 14 . Structural studies of dough and bread usually Protein extraction address the overall mass of the examined
The grains were milled and sieved through a objects [15] [16] [17] , where the various constituents interact 70-mesh sieve. The flour was used for protein as well as mask each other and prevent the strucextraction according to published methods 14-16 , tural characterization of each protein fraction. In with modifications. One gram of flour was stirred order to understand the structural contribution of with 4 ml of water for 2 h and centrifuged for each of the protein fractions, it is necessary to 25 min at 23 500 g. The supernatant, which concharacterize the structure of each of them septained the albumins, was kept at 4°C for further arately.
experiments. The precipitate was washed with One of the newest and most promising indistilled water and centrifuged twice to remove strumental methods to characterize proteins is albumin residues. The albumin extracted precapillary zone electrophoresis (CZE), which incipitate was stirred with 4 ml 0·5  NaCl solution corporates speed, high resolution, minimal sample for 2 h at room temperature, and then centrifuged requirement and quantitative digital analysis. CZE as above. The supernatant, which contained the separates materials on the basis of different anasoluble globulins, was lightly turbid due to the lytical principles from those of high-performance presence of ultra-small oil droplets. It was stored liquid chromatography (HPLC) or polyacrylamide at 4°C. gel electrophoresis (PAGE) and, therefore, provides an alternative or complementary procedure.
Coagulation procedure CZE is the most effective of these methods from the point of view of speed, miniaturization, resolving
The albumin and globulin extracts were copower with a specific sample, and ultra-trace anaagulated at temperatures of 70, 100 and 120°C in lysis with laser-induced fluorescence. three successive stages. First, the aqueous extract The present study characterizes albumins and was heated at 70°C for 30 min, then cooled to globulins, following their coagulation by heating room temperature and left for 30 min in a test at successive temperature levels of 70, 100, and tube for free precipitation of the coagulated pro-120°C, including their ultrastructure and qualteins. The supernatant was decanted carefully and itatively electrophoretic analysis. Comparisons in the precipitate kept for structural and electrothe sensitivity of albumins and globulins to heat phoretic characterizations. Second, the supercoagulation were made among a U.S. commercial natant was centrifuged at 5000 g for 15 min to hard red winter (HRW) wheat blend (mainly 'Arensure total removal of coagulated residues of the kan' and 'Newton'), a high-quality U.S. HRW 70°C heating, boiled for 30 min, cooled to room wheat cultivar 'Karl', and the Israeli spring wheat temperature and left for 30 min in a test tube (SW) cultivar 'Ariel'. The U.S. HRW wheat blend for free precipitation of the coagulated proteins. was used to compare typical U.S. HRW wheat Third, the supernatant was centrifuged at 5000 g proteins to those of the Israeli SW Ariel (blend for 15 min to ensure total removal of residual of general purpose cultivars to Ariel). The U.S.
material from the 100°C coagulate and then heated in an autoclave for 15 min at 120°C to cultivar Karl was chosen to compare a high-quality obtain the proteins which coagulated at that temultrastructural observations and the SDS-PAGE analyses were made on insoluble coagulated properature. The extractions and coagulations were done in one day.
teins, the CZE analyses were of the soluble proteins remaining after removal of the insoluble proteins at each coagulation temperature.
SDS-PAGE of coagulated proteins

SDS-PAGE analyses of the washed coagulated
Transmission electron microscopy proteins were performed after completely dis-
The transmission electron microscopy (TEM) solving them by boiling in the Laemmli 18 buffer, study followed previously published studies 13, 14, 22 containing 0·5  tris-HCl buffer (pH 6·8), 10% with modifications. The insoluble coagulate that SDS, 5% 2-mercaptoethanol, 10% glycerol, and was freely precipitated in a test tube (as a result 0·05% bromophenol blue. Samples containing of the coagulation procedure) was placed in an ice 4-10 g proteins were separated by SDS-PAGE bath and stabilized immediately in its naturally on 10-20% gradient polyacrylamide gel, at 20°C deposited form by the addition of 2-3 drops of 2% and 150 V, for 1 h with a Bio-Rad Mini Protean agar (Difco agar) solution at 50°C. The solidified II apparatus, with gel dimensions of 70×80 protein suspension within the agar was cut into ×1·5 mm in length, width and thickness. The small cubes of about 2×2×2 mm, fixed by means protein sample size was qualitatively determined of 3·5% glutaraldehyde in 0·1  cacodylate buffer due to the staining intensity of the electrophoretic (pH 6·9) for 2 h, rinsed several times with the same bands.
buffer and post-fixed by means of 2% OsO 4 in phosphate buffer (pH 6·9) for 2 h at room temperature. The fixed material was rinsed with disCapillary zone electrophoresis tilled water, dehydrated gradually with ethanol, A Beckman PAGE 2100 system was used to sepand embedded with epoxy resin (Agar 100, Agar arate each protein extract. Samples were pressure Aids, U.K.). Ultra-thin sections of the embedded injected for 2 s (4·88 ml 19 ) into a 27 cm long (20 cm protein were prepared by means of an LKB ultrato detector) uncoated fused-silica capillary (Beckmicrotome, stained with uranyl acetate and lead man #338472) of 50 m inside diameter (i.d.). The citrate, and observed with a Jeol 100CX TEM at separation voltage was increased linearly from 80 kV. 7-10 kV over the first 5 min and then held constant at 10 kV for the remainder of the separation RESULTS AND DISCUSSION (20 min). The capillary temperature was maintained at 40°C 19 . The buffer used in the inlet and Globulin characterization outlet vials was a 0·1  phosphate buffer pH 2·5 containing a polymer additive (BioRad #148-Ultrastructural observations of albumins The albumins started to coagulate at 50°C in the 5011, Hercules, CA 94547, U.S.A.). Prior to each injection, a 4-min forward high-pressure rinse (+ aqueous extract of the commercial sample of U.S. HRW wheat and at 70°C in that of the Israeli to −) was made with buffer. Proteins were detected by absorbance at 200 nm. Beckman 'Gold' soft-SW Ariel. To compare the albumin structures in the two samples, the first fraction to coagulate in ware sampled the absorbance data at a rate of 5 Hz and produced an ASCII file for post-measurement each wheat extract at 70°C was studied. With Ariel wheat, the coagulate obtained at 70°C appeared as analysis by means of 'ORIGIN' software (MicroCal Software, Inc., Northampton, MA, U.S.A.).
small granules and strands (Fig. 1A) ; with the U.S. HRW wheat-blend sample, the granules appeared Capillaries were vigorously washed in both forward and reverse directions as suggested by Bietz in clusters (Fig. 1D) . A higher magnification shows that the strands appear as continuous bands with and Schmalzried 20 . Following each analysis, the capillary was rinsed for 4 min under reverse presfine membrane-like patterns (Fig. 1B) alongside the separated aggregates (Fig. 1C) . The coagulates sure rinse with each of the following: 1  HNO 3 , 0·1  NaOH and distilled water.
of the HRW blend sample included larger aggregates ( Fig. 1E) than those of the SW (Ariel) Each of the SDS-PAGE and of the CZE analyses was done at least five times to ensure a reproducible extract. It is possible that the structural differences between the coagulates of these two wheats (strands and representative electrophoretic pattern. While and aggregation) resulted from differences in comblend under the same treatment yielded larger and smoother particles than did the Ariel cultivar position and molecular structure of their soluble proteins.
( Fig. 2C, D) . At 100°C particles of both samples were much larger than those obtained by the 70°C By removal of the insoluble proteins which coagulated at 70°C, before heating at 100°C, we coagulation (Fig. 1C, D) , approximately 1-5 m. The coagulates described above appear to be were able to study the proteins that coagulated between 70 and 100°C. At 100°C the Ariel cultivar similar in appearance to the coagulated albumins of other plant tissue extracts such as potatoes 13 yielded a suspension of larger particles ( Fig. 2A,  B) that at 70°C coagulation, while the HRW wheat and citrus fruit peel 21, 22 . The removal of the coagulates obtained at 120°C. Some different proteins were found in the albumin fractions of the two wheat samples, and 100°C prior to the 120°C treatment allowed us to analyse and compare the proteins coagulated they differ from each other in their sensitivity to the coagulation temperature. This wide range of between 100 and 120°C. The latter material appeared in aggregates of large particles (12-20 m) coagulation temperatures (from 50 to 120°C) may be of importance during the baking process, in and included small pores (Fig. 3A, B) . As in some other tissue extracts 13,21,22 , the albumins consisted which oven temperatures reach 200-220°C while the internal loaf temperature is about 100°C; of several protein fractions that may be separated from each other by their sensitivity to coagulation under such temperatures the albumins become solidified and behave as binding agents of the temperature. Those tissue proteins were coagulated within a wide range of temperatures, and bread components. Previous studies showed that endogenous high some of the wheat flour albumins coagulated at molecular weight (HMW) pectins restrain or prerange 12-66 kDa, with obvious bands in the neighvent heat coagulation of albumin 13 . Other studies borhoods of 65, 45, 30 and 21·5 kDa and promhave shown that enzymatic pectin degradation inent bands gathered in the range of 12-14·4 kDa. facilitated heat coagulation of albumins 13, 14 . In The fraction which coagulated at low temperature wheat extracts, no restraining of protein co-(70°C) consisted of HMW polypeptides in the agulation by soluble polysaccharides was observed.
range of 12−67 kDa, with marked bands within the 66-97 kDa range and relatively weak bands below 14·4 kDa. A difference was observed SDS-PAGE analyses of albumins between SW Ariel and the HRW wheat blend The SDS-PAGE patterns of albumins coagulated sample in the polypeptides of about 70 kDa. With at various temperatures differed from each other the 100°C coagulates, SW Ariel differed markedly (Fig. 4) . The extracted albumins included polypeptides with molecular weights within the from the HRW wheat blend sample in poly- peptides of various molecular weight (MW) ranges: different temperatures. The relative intensity of some higher MW bands (mainly within the range the spring wheat Ariel had more prominent bands at 55-60 kDa than the HRW wheat blend sample.
21 to 70 kDa) decreased and those of lower MW (12-14 kDa) increased with increases in coIn both wheats the most prominent bands were those of 45, 35 and 12-14 kDa. In the 120°C agulation temperature (at 100 and 120°C). These results indicate that higher MW albumins (Fig. 4 ) coagulates, only few obvious bands were found, mainly in the neighborhood of 45 kDa, and very tend to be coagulated at lower temperatures and to form relatively small particles ( Fig. 1) , whereas prominent bands in the 12-14 kDa range. However, the LMW proteins of 12-14 kDa require lower MW albumins that coagulated at higher temperatures, prominently at 120°C, formed relatively high temperatures for heat coagulation.
Those differences were also expressed in the larger aggregates (Figs 2 and 3) . formation of larger particles in the HRW wheat blend extracts than in those of the SW Ariel wheat CZE analyses of albumins While the ultrastructural (Figs 1-3, 7, 8 ) and SDS- (Fig. 1) . The relatively weak electrophoretic bands of the extracted soluble proteins prior coagulation, PAGE (Figs 4, 9) patterns were that of insoluble coagulated proteins, the CZE patterns (Figs 5, 6, as compared with those of the heat-coagulated proteins, resulted from the low concentration of 10, 11) were that of the soluble proteins remaining after removal of the insoluble proteins at each the loaded sample. In the present study the soluble and the coagulated albumins and globulins were coagulation temperature. The U.S. HRW cultivar Karl was used in the characterized only qualitatively. However, these proteins deserve further investigation in relation CZE experiment instead of the U.S. commercial blend of HRW wheats to compare directly cultivars to various aspects of their roles in determining the structural and textural properties of the dough with good bread-making quality. Figures 5 and 6 show the CZE patterns of soluble albumins of Ariel and of the baked product.
Various bands of the same MW appeared in all and Karl cultivars, respectively, of the unheated sample (control), and of the supernatants of the the coagulates, as well as in the control. These results show that some different protiens have the extract samples heated at 70, 100, and 120°C. The CZE patterns of each cultivar under all coagulation same molecular size, although they coagulate at heating (control) and with heating at 70, 100, and 120°C.
Globulin characterization treatments were different. The unheated extract pattern in the 11-22 min range exhibited broad
Ultrastructural observations of globulins The globulins that dissolved in aqueous 0·5  peaks, which may indicate the presence of various HMW proteins with similar CZE resolution propNaCl became insoluble as a result of either dialysis (against distilled water) or heat coerties which overlap or interact with each other. After coagulation at 70 and 100°C, the soluble agulation at 70, 100, and 120°C. The dialyzed coagulates appeared as large electron-dense proteins exhibited sharper resolved peaks. It appears that removal of part of the HMW proteins particles with amorphous patterns (Fig. 7A, C) . The particles of coagulated globulins from SW by heat coagulation (7-9 min) facilitates better resolution of the remaining soluble proteins Ariel (Fig. 7A ) appeared smaller than those from the HRW wheat blend sample (Fig. 7C) . The (11-22 min) and, perhaps, also partially removes interacted proteins which are detected in the 70 globulin coagulates included light electron-dense bodies of which the ultrastructure is characteristic and 100°C CZE patterns. The amount of material in the 7-9 min range appears reduced in the heated of oily droplets embedded in an amorphous protein matrix (Fig. 7A, D) . Higher magnification samples, whereas the material eluting over 11-22 min increases from unheated to 70°C.
showed that the protein of the SW Ariel (Figs. 7C, E) was amorphous with spaces whereas the These results illustrate the general tendency of HMW proteins to coagulate at relatively low protein of HRW (Fig. 7E ) was more grainy. Some oily substances were bound to the protein temperatures as indicated by the SDS-PAGE patterns (Fig. 4) . After coagulation at 120°C, there (Fig. 7B) . The heat-coagulated globulins (Fig. 8A , C, E) were only traces of soluble proteins, indicating that proteins of relatively HMW are generally appeared as clusters of much smaller aggregates than the dialyzed insoluble non-heated globulins resolved at the 11-22 min range. ( Fig. 7A, C) and particularly those of the HRW nification revealed amorphous structures, those of the SW Ariel being more grainy pattern (Fig.  wheat. Similarly to albumins, globulins may be fractionated by different coagulation tem-8B) than those of the HRW (Fig. 8F) . It appeared that some of the oil was retained in the extract peratures after being solubilized in dilute NaCl solution. Coagulation of globulins at 100°C (Fig. as emulsified ultra-small droplets which remained embedded within a matrix of coagulated protein 8C) resulted in the formation of aggregates of small particles and included ultra-small oil dropfollowing heat-coagulation. No oily residues were seen in the albumin coagulates (Figs 1-3 ). It lets (Fig. 8D) . Coagulation at 120°C resulted in the formation of dense aggregates characterized can be suggested that there is some oil in the globulin fraction of the flour, and that it is by fibril-like patterns (Fig. 8A, E) . Higher mag- released into the aqueous salt solution during SDS-PAGE analyses of globulins the globulin extraction. The ultra-small oil drop-
The SDS-PAGE profiles of the globulin coagulates lets are seen as a hazy emulsion which does not of both wheats were similar. Marked differences precipitate (upon centrifugation), since the specific were seen between proteins which coagulated at gravity of the oil is lower than the extract liquid. different temperatures (Fig. 9) . The 70°C coagulate Upon coagulation, the oily droplets become included most of the polypeptides with MW encapsulated by or embedded in the coagulated >20 kDa. The 100°C coagulate included dominant protein and as a result the supernatant became polypeptides of 25, 40 and 60 kDa. Two distinct clarified, as has been found in protein coagulation bands, at 27 and 31 kDa, appeared with the 70°C of citrus fruit peel extract 14 .
coagulates, but diminished markedly with the 100°C coagulate. With the 120°C coagulates, the predominant fraction was of MW 12-15 kDa. In both albumin and globulin, the LMW proteins (<15 kDa) tended to coagulate at higher temperatures (Figs 4 and 8) and their particulates were larger than those of coagulates obtained at lower temperature.
CZE analyses of globulins
The CZE patterns of the globulins extracted from Ariel and Karl are shown in Figures 10 and 11 , respectively. In this series, only the control, 70°C and 100°C data were analysed. The results corroborate the effect noted in the albumin study: less proteins were left in solution at higher temperatures. The larger proteins were coagulated at lower temperatures and the smaller molecules that remained were coagulated at higher temperatures.
CONCLUSIONS
This study suggests and provides the first evidence for heat coagulation of wheat flour albumins and globulins. These fractions include proteins of different sensitivities to coagulation temperature within the range 70-120°C. These properties may coagulation temperatures and MW ranges were 13. Shomer, I., Lindner, P., Ben-Gera, I. and Vasiliver, R. Ultrastructure of denatured potato proteins. Journal of the noted for different wheats and extracts.
Science of Food and Agriculture 33 (1982) 565-575. 14. Shomer, I. Protein self-encapsulation: a mechanism involved with colloidal flocculation in citrus fruit extracts.
